ABSTRACT The effectiveness of the addition of oat hulls (OH) as an insoluble fiber for improving nutrient digestibility and performance of birds fed diets containing full-fat canola seed (CS) was studied. A 2 × 2 × 2 factorial arrangement of treatments was used to assess the main effects of canola source (CS vs canola meal plus oil as control), OH (0 or 3%), pellet temperature (75 and 90
(P < 0.05) in birds fed the combination of CS and OH in grower phase. Pelleting temperature at 75 vs 90
• C did not affect performance of broilers. Birds fed diets containing OH had heavier gizzards at 24 and 35 d of age. Inclusion of CS in the diets depressed fat digestibility at d 24 (P < 0.001) and AME of the grower diets. At d 35, there was a significant interaction (P < 0.05) between CS and pellet temperature where birds fed CS diets pelleted at 75
• C had higher fat digestibility than birds fed CS pelleted at 90
• C. Regardless of canola source or pellet temperature, OH increased fat utilization at d 35 (P < 0.001) but had no effect on AME of the grower diets. In conclusion, CS can replace supplemental oil in broiler diets when an adequate source of insoluble fiber is included in the diet, which may help to maintain feed intake of broilers fed CS in steam-pelleted diets.
INTRODUCTION
Whole canola seed (CS), due to its high oil content, is a high-energy ingredient that can potentially replace a substantial proportion of supplemental oil in poultry diets. However, high-level inclusion of CS in poultry diets is often avoided due to concerns over residual glucosinolates and adverse effect on feed consumption (Summers et al., 1982; Barekatain et al., 2015) . The results of a recent experiment showed that despite a desirable outcome in bird performance of broiler diets containing CS, these diets were not fully utilized when steam pelleted, and therefore feed consumption and body weight was adversely affected (Barekatain et al., 2015) . In addition, pre-grinding of the seed did not improve fat utilization or bird performance when diets were cold-pelleted, but there was marginal improvement in performance when the diets were steam-pelleted (Barekatain et al., 2015) . The degree to which pelleting temperature can affect the nutritive values of CS is not fully understood. Furthermore, CS contains the enzyme myrosinase, which catalyzes the breakdown of glucosinolate to other metabolites, including isothiocyanates, which are bitter compounds; this concern can be minimized by applying heat to denature the myrosinase enzyme (Tripathi and Mishra, 2007) .
The reduced fat digestibility in CS diets has been attributed to oil in seeds being contained in oil bodies that are surrounded by a peptide coating that may limit digestibility of the oil . Ways of breaking the peptide coating could include milling of the whole CS prior to diet mixing (Barekatain et al., 2015) , use of exogenous enzymes , or possibly addition of insoluble fiber to stimulate gizzard activity, which builds on known results for the beneficial effect of oat hulls (OH) in broiler diets. If fat digestibility is increased by addition of OH, then this is likely to lead to benefits when oil seeds are used commercially to replace supplemental oil in poultry diets.
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The beneficial impact of inclusion of insoluble fiber in the diet of broiler chickens has been well demonstrated in the literature. Studies conducted with broilers have shown that moderate amounts of dietary fiber result in significant improvement in utilization of most nutrients (Amerah et al., 2009; Mateos et al., 2012) . In addition, Gonzalez-Alvarado et al. (2007) and Kalmendal et al. (2011) showed an increase in fat digestibility when fiber was included in broiler diets. However, the interaction between insoluble fiber sources (e.g., OH) with oil seeds such as CS has not been investigated. When it is assumed that fiber results in a more developed gizzard and intestine of the birds, it is hypothesized that there is increased scope for improved nutrient intake through nutrient release and lower carbohydrate solubilization in wheat-based diets that contain CS. If this hypothesis is proven successful, one can conclude that CS can be used in lieu of supplemental oil in broiler diets without compromising feed intake or body weight. Furthermore, there is no need for pre-grinding, which otherwise could be cumbersome and costly due to seed size and high oil content. Thus, it was proposed to investigate the effect of OH as a rich source of insoluble fiber, CS, and pelleting temperature on performance, intestinal development, and nutrient utilization.
MATERIALS AND METHODS
The Animal Ethics Committees of the University of Adelaide and Primary Industries and Regions South Australia approved all the experimental procedures.
Ingredient Analysis
Chemical analysis of CS and solvent extracted canola meal (CM) are shown in Table 1 . An apparent metabolizable energy (AME) value of 4,837 kcal/kg was used for the CS, which was the average of the values reported in the literature (Barekatain et al., 2015) . Wheat and sorghum were also analyzed prior to feed formulation. All samples were analyzed in duplicate using AOAC (2005) methods of 920.39 for crude fat, 978.10 for crude fiber, and 942.05 for ash.
Experimental Design and Diets
A 2 × 2 × 2 factorial arrangement of treatments was used to investigate 3 main factors of CS inclusion (CS vs CM), oat hulls inclusion (0 and 3%), and pellet temperature (75
• C or 90 • C). Canola seed was added as whole seeds when diets were mixed. Canola meal and oil in control diets were replaced with CS. Diets were calculated to be isoenergetic and isonitrogenous. In line to the level of CM and oil in control diets, inclusion rate of CS was 11.6% and 13.5% for grower (d 10 to 24) and finisher (d 24 to 35) diets, respectively (Table 2 ). All diets were formulated to meet the requirements of Ross 308 broiler chickens (Ross, 2014) . The diets were steam-conditioned at 2 different temperatures of 75 and 90
• C at The University of Sydney, Camden, NSW, similar to the procedures previously described by Selle et al. (2013) . The conditioning temperature was automatically regulated via a computer software package (Gordyn & Palmer, Hallam, Vic, Australia) equipped to the pellet press (Selle et al., 2013) . The residence time in the conditioner was 30 s. A Palmer PP300 pellet press (Palmer Milling Engineering, Griffith, NSW, Australia) was used to steam-pellet the experimental diets. The die dimensions were 4-mm diameter and 45-mm length.
Housing and Bird Management
A total of 576 male day-old Ross 308 broiler chickens were obtained (Baiada hatchery, Willaston, South Australia). All birds were raised on a floor based pen receiving a same commercial diet from d 0 to d 10. On d 10, birds were assigned to 48 rearing pens on wood shavings in a temperature-controlled system. Each treatment was replicated 6 times with each replicate accommodating 12 birds. Temperature was set at 33 to 34
• C on the d 1 of the experiment and then gradually decreased by 1
• C every 2 d until a stable temperature of 24
• C was reached by d 21. In the wk 1 of age, birds had 23 h light and 1 h dark. Subsequently, birds received 16 h light and 8 h dark. Feed and water were provided ad libitum throughout the experiment. At the end of each phase of feeding, birds were weighed and feed consumption and feed conversion ratio (FCR) were 
Sample Collection, Viscosity Measurement, and Nutrient Digestibility Assay
On d 24 and 35, 3 birds per replicate were randomly chosen and euthanized in order to obtain ileal digesta and record visceral organ weights. The empty weight of duodenum, jejunum, ileum, proventriculus, and gizzard were expressed to body weight. The ileal contents of 3 birds were collected into ice-cold plastic containers, and subsequently pooled by each replicate pen. To measure the viscosity of ileal content (only on d 35), subsamples were immediately centrifuged (12,000 × g, 10 min, 4
• C) to obtained supernatant. About 0.5 mL of thawed supernatant was used to measure viscosity with a Brookfield DVIII viscometer at 25
• C with a CP 40 cone. The shear rate was from 5 to 500/s. The remaining samples were stored at -20
• C and then freeze-dried before conducting further analyses.
The methods of AOAC (2005) were followed for determination of dry matter (DM) and fat content of diets and digesta. The N content analysis of the diets and digesta samples was performed using a LECO FP-2000 automatic analyzer (Leco Corporation, St. Joseph, MI). Amino acid determination was conducted by hydrolyzing the samples with 6 M HCl (containing phenol) for 24 h at 110 ± 2
• C in glass tubes sealed under vacuum carried out by Macquarie University, NSW, Australia. Titanium contents of diets and ileal samples were measured using the method described by Short et al. (1996) . Subsequent digestibility coefficients for amino acids, N, DM, and fat were calculated as follows:
where, (NT/Ti) d was the ratio of nutrient (NT) and titanium (Ti) in diet, (NT/Ti) i was the ratio of nutrient (NT) and titanium (Ti) in ileal digesta
Apparent Metabolizable Energy
Apparent metabolizable energy bioassay was conducted for grower diets using total collection method. A total of 192 Ross 308 broiler chickens from same batch of birds used in the feeding study, were separately raised on a floor based pen with wood shavings as litter from d 1 to d 17 of age. All birds received a same commercial diet and had access to feed and water ad libitum. On d 18, birds were transferred to a total of 48 metabolism cages each accommodating 4 birds and were given 8 experimental treatments used in feeding trial after 2 d of adaptation period. Total excreta collection was conducted over 4 d consecutively. All collected excreta was oven dried at 85 • C, weighed and then finely ground for gross energy (GE) analysis.
The GE content of experimental diets and excreta were determined using a Parr isoperibol bomb calorimeter (Parr Instrument Company, Moline, IL) with benzoic acid as the standard.
The AME of the experimental diets were determined using the following equation: AME (kcal/kg) = (GEI -GEE)/FI where GEI is gross energy intake, GEE is gross energy output of excreta (kcal/kg of DM), and FI is the feed intake (kg).
Statistical Analysis
Data of the experiment were subjected to statistical analysis using 3-way analysis of variance (ANOVA) of GLM procedure of SAS (2003) according to a 2 × 2 × 2 factorial arrangement of treatments to assess the main effects of canola inclusion, oat hulls, pellet temperature and their 2-or 3-way interactions. Data were checked for normal distribution. One cage constituted an experimental unit and the values presented in the tables are means with pooled standard error of mean (SEM) (n = 48). If a significant effect was detected, differences between treatments or main effects were separated by Duncan multiple range test. All statements of significance are considered on a P-value < 0.05, and tendencies were specified for 0.05 < P < 0.10.
RESULTS

Growth Performance
The results of FI, body weight gain (BWG), and FCR of birds are given in Table 3 . There were no 3-way interactions for any of performance parameters. Feed consumption tended (P = 0.088) to decrease in birds fed CS from d 10 to 24. At the same time, there was a tendency (P = 0.078) for higher FI when OH were included in the diets. For both grower and finisher phases, there was a significant interaction between OH and type of canola where birds fed both CS and OH had a higher FI than CS alone (P < 0.05). Pellet temperature did not influence performance of broiler at any stage of the experiment.
Canola seed and OH interacted significantly resulting in a higher BWG of birds from d 10 to 24 of age (P < 0.01). Inclusion of OH independently improved BWG from d 24 to 35 (P < 0.01) and when assessed for entire study (P < 0.001). By a significant interaction, FCR was improved in birds offered OH and CS in both grower (P < 0.05) and finisher (P < 0.01) phase of feeding.
Organ Weights
The relative weights of organs are presented in Table 4 . Dietary treatments did not influence the relative weight of proventriculus at d 24 or 35. There was significant interaction between OH inclusion and pellet temperature for relative gizzard weight where higher pellet temperature increased gizzard weight only in absence of OH in the diet (P < 0.05). Addition of OH to the diets independently increased gizzard weight at both d 24 and d 35 (P < 0.001) and ileum weight (P < 0.05) at d 35. Canola seed inclusion and OH tended to interact for duodenal weight where birds fed diets containing CS and OH had heavier duodenum (P = 0.07). Increasing temperature to 90
• C increased relative weight of duodenum at d 24 (P < 0.05) and d 35 (P < 0.01). On d 24, birds fed CS had heavier jejunum than birds receiving diets containing CM and oil (P < 0.05).
Ileal Nutrient Digestibility
The results of ileal DM, N, and fat digestibility measurements are given in Table 5 . At d 24, there was an interaction between the type of canola inclusion and pellet temperature for DM digestibility (P < 0.01), in which birds fed CS diets pelleted at 75
• C had lower DM digestibility. There was no interaction between any of the 3 experimental factors for DM digestibility at d 35. At the same time, inclusion of either OH, CS or pelleting temperature at 90
• C independently reduced DM utilization (P < 0.05).
There was no interaction between the experimental factors for ileal digestibility of N on either d 24 or 35. At d 24, feeding CS tended to decrease N digestibility (P = 0.067). For both grower and finisher diets, birds fed OH had higher N digestibility coefficient compared to birds fed OH-free diets (P < 0.05).
Increasing pellet temperature from 75 to 90
• C caused a reduction in ileal N digestibility at d 35 (P < 0.05).
Inclusion of CS in the diets depressed fat digestibility at d 24 (P < 0.001). At d 35, there was a significant interaction (P < 0.05) between CS and pellet temperature where birds fed CS diets pelleted at 75
• C. Regardless of canola or pellet temperature, OH increased fat utilization at d 35 (P < 0.001). Tables 6 and 7 show the results for apparent ileal digestibility coefficients of indispensable and dispensable amino acids (AA), respectively. There was no 3-way interaction for AA digestibility. Significant interaction was found between CS and OH showing a positive effect of OH on Arg (P < 0.05) and Met (P < 0.001) digestibility in CS fed birds. Pellet temperature and CS also interacted (P < 0.05) for Arg, His, Ile, Lys, Met, Thr, Asp, Ser, and Tyr in that CS inclusion resulted in lower digestibility only when diets were pelleted at 75
Ileal Amino Acid Digestibility
• C. Inclusion of CS in the diets independently reduced (P < 0.05) digestibility of Leu, Ala, Glu, and Pro. Addition of OH also increased digestibility of Ile (P < 0.05), Leu (P < 0.05), Phe (P < 0.05), Thr (P < 0.05), Val (P < 0.05), Ala (P < 0.05), Asp (P < 0.01), Gly (P < 0.01), and Tyr (P < 0.05).
Apparent Metabolizable Energy of Grower Diets and Ileal Viscosity
As shown in Table 5 , with a 3-way interaction (P < 0.05), inclusion of CS in the diets decreased the AME of grower diets which was observed only when a high pellet temperature was applied. Ileal viscosity was not affected by experimental treatments when assessed at d 35 of age (Table 5) .
DISCUSSION
The findings of this study and that of Barekatain et al. (2015) clearly highlights that a lower feed consumption is the main reason for the differences observed between the diets containing CS and CM. The mechanism behind lower FI of birds fed CS is not fully clear. However, possible residual isothiocyanate levels resulting from breakdown of glucosinolates may have contributed to the palatability of the diets containing CS (Tripathi and Mishra, 2007) . It is known that the enzyme myrosinase is responsible for breaking glucosinolates into the extremely bitter compounds of isothiocyanates and goitrin (Tripathi and Mishra, 2007) , which may adversely affect feed consumption. Another observation worth mentioning was the pellet durability index of the experimental diets (Table 2) , which was observed to be higher in the diets containing CS without OH. Therefore, hardness of the pellets may have also contributed to the differences observed for FI. Nevertheless, the BW of birds in the current study was comparable to control birds, which shows that CS can replace a substantial proportion of supplemental oil without adverse effect on feed efficiency.
In the present study, neither independent nor combined effect of pellet temperature was significant for the bird performance. In the literature, there is evidence that increasing temperature above 60
• C can reduce the performance of birds fed wheat-based diets (Bedford et al., 2003; Abdollahi et al., 2013a) . Abdollahi et al. (2010) found that birds fed diets pelleted at 90
• C gained more weight compared with 75
• C when fed a maize-based diet, but there was no effect when assessed for wheat-based diets. The experimental diets in the present study comprised combinations of sorghum, wheat, and soybean meal as major ingredients, which may have contributed to the differences in observations between the studies. This study, to our knowledge, is the first that has investigated the effect of pellet temperature specifically for CS in which we found no clear effect of pellet temperature for bird performance. Shen et al. (1983) postulated that heating per se may be an influencing factor in steam-pelleting of CS, but there was no direct comparison of temperature in that experiment. As heat treatment is able to reduce the activity of myrosinase (Fenwick et al., 1986) , it was thought that a higher pellet temperature may possibly affect FI of birds through deactivation of myrosinase. Unfortunately, under the conditions of this experiment, it was not feasible to measure the activity of myrosinase as this enzyme acts rapidly after the seed breaks during the process of feed manufacturing. Therefore, the measurement of myrosinase on manufactured feed had little relevance. A separate in vitro investigation may possibly provide an answer to this question.
Independent and positive effect of OH on FCR of birds when assessed for the entire experiment is in line with experiments conducted by other researchers (Jiménez-Moreno et al., 2013; Jiménez-Moreno et al., 2016) . Jimenez-Moreno et al. (2016) showed that regardless of the feed form, inclusion of moderate amount of fiber can still enhance growth performance of broiler chickens. On the other hand, some recent research showed that in pelleted diets, addition insoluble fiber Means within a column not sharing a superscript differ significantly at P < 0.05 for the treatment effects and at the P-value shown for the main effects.
had limited effect (van der Hoeven-Hangoor et al., 2014) . Insoluble fiber is shown to consistently increase gizzard weight by large inclusion of hulls in broiler diets (Svihus et al., 2010; Sacranie et al., 2012) , an observation that was also confirmed in the current trial, although to a lesser extent, possibly due to lower inclusion of OH. The coarse material in the diets must be ground to a certain critical size so that gizzard adapts itself to develop in response to the gizzard content (Sacranie et al., 2012) .
In the present study, for the first time, we observed the effect of an insoluble source of fiber for utilization of CS. There was a clear interaction between OH and the type of canola included in the diets for the grower phase of feeding. When diets contained CS without OH, a lower FI was observed compared with other group of birds, which concurs with a previous study (Barekatain et al., 2015) . However, OH offered no synergistic effect on FI but rather was effective in maintaining the FI of birds fed CS compared to control birds. The exact mechanism behind this interaction cannot be immediately explained by the measured nutrient utilization. However, the differences between fiber content of the diets and a possible effect of pellet hardness may be among the contributing factors. The presence of this interaction cast doubt on an independent effect of OH on the FI of birds.
Inclusion of CS in the diets resulted in a distinct retardation of fat utilization both in grower and finisher phase of feeding. This reduction was exacerbated by higher temperature only in finisher diets, most likely due to higher inclusion of CS compared with grower diets. It is well documented that some of the oil in CS remains encapsulated in the peptide shell oil bodies that in turn impede maximum fat utilization Barekatain et al., 2015) . The fat utilization of CS appears to be, at least to some extent, dependent on pelleting condition such as steam pelleting (Barekatain et al., 2015) , and in this experiment, pellet temperature; that was, however, not reflected in any performance difference for the birds. The experiments conducted for the effect of pellet temperatures on fat utilization are very limited. While Jimenez-Moreno et al. (2009) showed that steam cooking may increase fat utilization in maize-based diet, Abdollahi et al. (2013b) found that ileal fat digestibility varied depending on cereal composition of the diets. It is unknown why a higher temperature has impaired the fat utilization only in the diets fed CS; this requires further research. Nevertheless, we previously found that applying steam to the diets reduced fat digestibility in birds fed CS compared with cold-pellet diets (Barekatain et al., 2015) .
The adverse effect of OH and CS on DM was expected due to the difference between fiber content of the diets. Inclusion of OH improved fat digestibility in finisher diets, although there was no interaction with CS inclusion. This result concurs with other studies in the literature and has been attributed to the possible beneficial effect of dietary fiber on gizzard development and subsequent increase in bile acids and digestive enzyme secretion (Mateos et al., 2012) . Indeed, the gizzard development was evident in the current study as a result of OH inclusion. A well-functioning gizzard offers a wide range of benefits, including increased antiperistaltic movement (Sacranie et al., 2012) , better mixing of digestive juices with digesta as well as reduction in pH of the hindgut, which consequently may benefit enzyme activation (Mateos et al., 2012) . All of these possibilities may provide an explanation for observed improvement in nutrient digestibility that resulted from including OH in the diet. In the present study, it was hypothesized that inclusion of OH may improve fat digestion of the diets containing CS. The results showed that the effect of OH for improved fat digestibility in finisher diets was independent of CS inclusion. Similar benefits for fat utilization resulted from inclusion of an insoluble fiber source in broiler diets have been reported (Gonzalez-Alvarado et al., 2007; Kalmendal et al., 2011) .
Inclusion of CS in the diets reduced the AME of grower diets, which is in line with reduced fat digestibility of CS-fed birds. It is possible that the AME value of the tested seed may have been slightly overestimated when formulating the diets. There was no effect of OH inclusion on AME of grower diets, which could be related to the fact that all the diets were formulated to be isoenergetic. In an experiment conducted by Sacranie et al. (2012) , diets that were simply diluted with OH resulted in a substantial reduction of AME, which could then be improved by a higher nutrient utilization in the birds. Given the lack of effect of OH in birds fed the control diets, it appears that balancing the diets for energy and nutrient when formulating diets is of particular importance in response to OH inclusion. Leeson et al. (1996) showed that dilution of diets with 7.5% OH caused an increase in FI as a sign of the birds' ability to regulate their FI in response to dietary energy. Therefore, in agreement with several other studies (González-Alvarado et al., 2010; Mateos et al., 2012; Jiménez-Moreno et al., 2016) , the response to dietary fiber in terms of growth performance may vary depending on several factors, including but not limited to the composition of basal diets, age, health status, and genetic potential (Jiménez-Moreno et al., 2016) .
There were lower AA digestibility coefficients for 11 AAs in the diet containing CS compared with CM in control diets. This observation is in disagreement with a previous study in which the CS used contained a higher amount of oil and the diets were pelleted on average at a lower temperature (Barekatain et al., 2015) .
It can be concluded that CS can be used in broiler diets in whole form in steam-pelleted diets containing a moderate amount of insoluble fiber such as 3% OH. Inclusion of OH appears to interact with CS to maintain feed consumption, which otherwise would be adversely affected by inclusion of CS in the diets. The mechanism of this interaction needs further investigation. A positive effect of OH was observed for fat and AA digestibility. Under the condition of this experiment, birds were not responsive to pellet temperature for performance parameters. However, some negative effect of high pelleting temperature on nutrient utilization, fat in particular, was apparent, which may suggest a need to maintain the pellet temperature at around 75
• C when CS is included in broiler diets.
